The effects of different combinations of epidermal growth factor (EGF) and insulin-like growth factor I (IGF-I) on cumulus expansion and meiotic maturation were examined in rabbit oocytes. Selected rabbit follicular oocytes were matured in vitro and were classified as cumulus\p=n-\oocyte complexes or denuded oocytes. They were cultured in TCM 199, and were treated with growth factors at different concentrations: EGF at 0, 1, 10, 50 and 100 ng ml \ m=-\ 1, IGF-I at 0, 50, 100 and 200 ng ml \ m=-\ 1 and EGF plus IGF-I at 10 + 50; 10 + 100; 50 + 50 and 50 + 100 ng ml \m=-\1 , respectively. After 6 h of culture, the oocytes were assessed for nuclear maturation and after 16 h of culture, for cumulus expansion and maturation stage. After culture for 6 h, the incidence of germinal vesicle breakdown was higher (P < 0.05) in all of the growth factor treatments tested compared with controls. After culture for 16 h, EGF enhanced the incidence of cumulus expansion at all of the concentrations tested. Cumulus expansion was greatest with 50 mg EGF ml\m=-\1 plus 100 ng IGF-I ml \m=-\1 (72.0% versus 2.4% in controls). Treatment with IGF-I significantly increased (P< 0.05) the incidence of metaphase II stage, and maximum stimulation occurred at 100 ng IGF-I ml \m=-\1 (84.5% versus 31.1% in controls). However, IGF-I did not affect cumulus expansion. When denuded oocytes were used, no positive effects on nuclear maturation rates were observed for any treatment. These results suggest that: (1) EGF, either alone or with IGF-I, stimulates cumulus expansion; (2) the addition of IGF-I or EGF plus IGF-I significantly enhances nuclear maturation in immature rabbit oocytes; and (3) this effect is mediated by the presence of cumulus cells. as high concentrations of IGF-I were found in the cumulus
Introduction
Mammalian oocytes mature in vivo at the time of the preovulation gonadotrophin surge, but can also mature in vitro in a suitable medium (Edwards, 1965) . Maturation depends on the interaction of many factors and enables oocyte development to reach metaphase II. Implementation of technologies dependent on maturation in vitro requires knowledge and understanding of factors determining the meiotic and developmental potential of oocytes under conditions in vitro.
Gonadotrophins are the primary regulators of nuclear maturation in these oocytes. However, more recent observa¬ tions imply that gonadotrophins are only part of the complex sequence of factors, such as growth factors, that regulate ovarian function (Tonetta and DiZerega, 1989) . Epidermal growth factor (EGF) stimulates proliferation of ovarian granulosa cells in various species (Gospodarovicz and Bialeki, 1979; May et al, 1987) , modulates differentiation of granulosa cells (Hsueh et al, 1981) , and in women stimulates the growth of small follicles (Westergaard et al, 1990) . Insulin-like growth factor-I (IGF-I) is a potent mitogen for granulosa cells (Hernández et al, 1988) , even in the absence of FSH (Veldhuis et al, 1986) , and acts as a biological amplifier of the action of FSH in the ovary (Hsu and Hammond, 1987) .
The regulation of oocyte maturation by growth factors in animal species such as mice (Brucker el al, 1991) , rats (Feng et al, 1988) , pigs (Reed et al, 1993; Ding and Foxcroft, 1994) and cattle (Harper and Brackett, 1993; Lorenzo et al, 1994) has been described. Studies in vitro with EGF showed the induction of germinal vesicle breakdown in cumulus cell-enclosed mouse oocytes maintained in meiotic arrest with purines, dibutyryl-AMP, or the phosphodiesterase inhibitor IBMX (Downs et al, 1988; Downs, 1989 ). It appears that EGF, like LH, promotes oocyte maturation either by disruption of its communication with cumulus cells (Dekel and Sherizly, 1985) or that it creates a positive maturation signal (Downs, 1989) . However, IGF-I stimulates maturation in Xenopus oocytes (Hainaut et al, 1991) , enhances bovine oocyte maturation and fertilization in vitro (Lorenzo et al, 1993) , and improves the quality of bovine embryos (Herlerr et al, 1992) . It is possible that there is a relationship between IGF-I and oocyte maturation, particularly oophorus of rats (Oliver et al, 1989) . Moreover, in several studies immunoreactive IGF-I was localized in the thecainterstitial compartment and in the cumulus cells surrounding the oocyte (Balboni et al, 1987) . However, there is no information about growth factor-induced regulation of rabbit oocyte maturation. Rabbit oocytes are widely used as an in vitro model in experimental procedures on mammalian oocytes and embryos (Kaufmann et al, 1990; Yoshimura et al, 1992) .
The aim of the present study was to establish whether EGF and IGF-I alone or in combination, added to maturation media, without the addition of exogenous hormones, enhance the cumulus expansion and the maturation rate of rabbit oocytes in vitro. The results obtained may serve to shed light on some physiological functions of these growth factors with respect to oocyte maturation.
Materials and Methods
All media and reagents were purchased from Sigma Chemical Co. (St Louis, MO) except IGF-I (Boehringer Mannheim GmbH, Mannheim). The medium used for washing and maturation of oocytes consisted of TCM 199 with Earle's salts, modified by the addition of i-glutamine, sodium bicarbonate, glucose, sodium pyruvate and gentamicin sulfate as described by Arellano et al. (1993) . This medium is subsequently referred to as TCM 199. Stock solutions of growth factors were diluted and added to TCM 199 for maturation culture as appropriate.
They were reconstituted in PBS solution (without glucose) containing 3 mg BSA ml~, and stored at -20°C until used. The final concentration of BSA in the maturation medium was 0.003% (w/v). Human recombinant EGF, IGF and EGF + IGF-I in various combinations were added to the maturation media as described below.
Sexually mature New Zealand White Californian does (2.5-3.5 kg body mass) were used as ovary donors. Animals used in this study were treated according to the CEE Council Directive (86/609, 1986) for the Care of Experimental Animals.
They were housed individually in metal cages (32 cm 52 cm) on perforated sheets in air-conditioned rooms (25°C, 45% relative humidity); under a 16 h light:8 h dark cycle (average light intensity, 45 ± 10 lx). Artificial lights were on from 08.00 h to 24.00 h. Pelleted commercial diet (Lab Rabbit Chow, Purina Mills Inc.: 16.2% protein, 2.5% fat and 13.5% crude fibre) was restricted to about 125 g day~, and water was supplied ad libitum. Animals were kept in these conditions for at least 16 days and they were then killed at an abattoir and their ovaries removed. The ovaries were transported in PBS (supplemented with 100 µg penicillin ml~' and 50 µg strepto¬ mycin ml~) to the laboratory within 2 h of death, and were then placed in 5 ml TCM 199 in 60 mm Petri dishes. Ovaries were excluded from further study if they appeared to be immature or if 50% or more of the surface follicles appeared haemorrhagic. Selected follicles ( > 1 mm in diameter) were sliced under a dissecting microscope with an iris knife to release the follicular contents. Follicles smaller than 1 mm in diameter contain oocytes not competent to achieve meiosis (Jelinkova et al, 1994) . Collected oocytes were kept in 35 mm, sterile, Petri dishes containing TCM 199 medium, and were washed five times before culture. According to predefined criteria (Lorenzo et al, 1994) , selected cumulus-oocytes were divided into cumulus-oocyte complexes (with intact and unexpended cumulus) or denuded oocytes (without layers of cumulus cells), placed under 1.0 ml TCM 199 medium and cultured at 37°C in 5% C02 in air and 100% humidity for 16 h. The oocytes collected were pooled and assigned to treatment groups at random.
Assessment of cumulus expansion
Cumulus-oocyte complexes were evaluated after culture for 16 h to assess the effect of growth factors on cumulus expansion. Cumulus expansion was scored based on the subjective scale of 0 to 3, in which 0 indicates no detectable response; 1 shows the minimum observable response; 2 indicates partial expansion, with more than half of the cumulus expanded; and 3 shows full expansion, where all layers of cumulus cells have expanded, including those closest to the oocyte.
Assessment of nuclear maturation
At the end of 6 h and 16 h of culture, oocytes were fixed and stained to ascertain the influence of growth factors on nuclear maturation, and the effect of the presence or absence of cumulus cells surrounding the oocyte. Both cumulus-oocyte complexes and denuded oocytes were used. Cumulus-oocyte complexes were placed in PBS solution containing 200 iu hyaluronidase ml~. Cumulus cells were removed mechanically by repeated aspiration with a fine-bore pipette. The oocytes were then pipetted onto a slide. A coverslip, spotted with a paraffin wax-vaseline (10:1) mixture at each corner, was placed directly over the centre of the drop containing the oocytes. Fixation of oocytes was carried out by placing the slides in acetic acid:ethanol (1:3) for 24 h, and staining with aceto-orcein (1% orcein in 60% acetic acid) for 5 min. Nuclear maturation was evaluated under a phase contrast microscope at 200 and 500 magnification, and was expressed as the percentage of oocytes that had achieved metaphase II. Oocytes were also assessed according to the status of the germinal vesicle.
Design and analysis of experiments
In Expt 1, cumulus-oocyte complexes and denuded oocytes were cultured in vitro with different concentrations of EGF ranging from 1 to 100 ng ml~, while in Expt 2, oocytes were cultured with 50, 100 and 200 ng IGF-I ml~, and were compared with controls. In Expt 3, the effect of different combinations of EGF and IGF-I (10 and 50 ng EGF ml~l , and 50 and 100 ng IGF-I ml~) on maturation in vitro was investi¬ gated. Cumulus expansion in the cumulus-oocyte complexes, and the status of the germinal vesicle and metaphase II stages in both groups of oocyte (complexes and denuded), were used as endpoint parameters for assessing the effect of the growth factors on rabbit oocyte expansion and nuclear maturation in vitro. Each experiment was replicated nine times. Control oocytes (usually fewer oocytes were used in control groups than in treatment groups) were handled in the same way as the treatment oocytes, but without addition of growth factors.
Statistical analyses
Statistical analysis of endpoints was carried out with pooled data using the Biomedicai Data Program (BMDP, Dixon et al, 1990) . Mean values were subjected to analysis of variance using the 7 d procedure (one-and two-way ANOVA) of BMDP. When the 7 d procedure revealed a significant treat¬ ment effect, the means were analysed by pairwise t test and Bonferroni post-test to ascertain statistical differences between treatments. A value less than 0.05 was accepted as significant. (Table 2) . After 16 h of culture, no significant effect on the proportion of cumulus-oocyte com¬ plexes undergoing cumulus expansion was observed after treatment with IGF-I (4.8%, 5.6% and 4.9%, for 50, 100 and 200 ng IGF-I ml~, respectively) compared with control treat¬ ment (TCM 199, 2.2%). However, significant differences (P < 0.05) were observed in the proportion of oocytes reaching metaphase II between the control (31.1%) and 50, 100 and 200 ng ml " 1 IGF-I treatment groups (83.8%, 84.5% and 61.7%, respectively).
Results

Experiment 3: combined effects of EGF and IGF-l on cumulus expansion and oocyte maturation
Those concentrations which produced the greatest effects in the first two experiments (10 and 50 ng EGF ml~, and 50 and 100 ng IGF-I ml ) were used in this experiment. When EGF was used in conjunction with IGF-I, the number of complexes undergoing cumulus expansion (partial and full) was sig¬ nificantly greater than that observed in the controls, or when IGF-I was used alone (P < 0.01) (Table 3) . However, the highest nuclear maturation rates obtained when EGF was used in combination with IGF-I (10+ 100 and 50+ 100 ng ml"1 of EGF and IGF-I, respectively) were less, although not significantly so (P>0.05), than those obtained with IGF-I alone.
Finally, there were no significant differences in the rate of maturation (neither at germinal vesicle breakdown after 6 h of culture nor at metaphase II stage after 16 h of culture, respectively) for denuded oocytes among the growth factor treatments used (Table 4 ). The incidence of degeneration in denuded oocytes, at 6 h and 16 h of culture, was not sig¬ nificantly reduced by the addition of growth factors (range: 29.8-21.0%, data not shown), contrary to the results for the cumulus-oocyte complexes (Tables 1 to 3 ).
Discussion
Cumulus oophorus expansion in mammalian oocytes occurs in response to an ever-changing milieu of gonadotrophins, growth factors, steroids, factors secreted by the oocyte and other unknown molecules (Buccione et al, 1990) . These com¬ pounds could be contributing to maturational changes that occur in the oocyte mediated by intracellular messengers such as cAMP, calmodulin or diacylglycerol (Gonçalves and Graves, 1992) . The expansion criterion adopted in the present work was similar to that used by other authors (Downs, 1989; Buccione et al, 1990; Harper and Brackett, 1993) . The most successful in vitro maturation systems used fetal serum or oestrous or pro-oestrous serum to optimize development of oocytes (Schellander et al, 1990) . Serum is a highly complex combination of components including proteins, fatty acids, vitamins, hormones, trace elements and growth factors. By using a practically serum-free media for the in vitro maturation in the work presented here, it was possible to examine the relationship between growth factors and the regulation of nuclear maturation and cumulus expansion, while effectively ruling out the influence of unknown serum factor/s. The maturation medium used in the present study was supple¬ mented with a BSA concentration (0.003%) lower than that described by other authors as necessary to maintain cumulus expansion (3-6 mg mlw/v, Leibfried-Rutledge et al, 1986 ). Therefore, the effects of the oocytes observed in the present study were presumably influenced by the growth factors tested.
The results presented here show that EGF enhances cumulus expansion in rabbit cumulus-oocyte complexes in the same way as demonstrated by Downs (1989) for rodent oocytes.
However, the lesser effect of EGF on cumulus expansion compared with that seen in mouse oocytes may be due to the fact that, whereas recombinant human EGF was used in this study, homologous mouse EGF was used in Downs' study. Although IGF-I per se cannot promote effective cumulus expansion, this did not impair the maturation rate. Zhang et al. (1991) using IGF-I analogues such as insulin also recorded poor Nuclear maturation in denuded oocytes from rabbits after culture for 6 h and 16 h during maturation of oocytes in vitro with different concentrations of epidermal growth factor (EGF) and/or insulin-like growth factor I (IGF-I) , 1987) , it is possible that the lack of significant effect on cumulus expansion may be due to IGF-I interfering with the production of an expansion factor produced by the oocyte itself (Buccione et al, 1990 ). However, the use of EGF and IGF-I combined induced slightly more cumulus expansion than with EGF alone, indicating an additive effect for these growth factors. The present study confirmed that the growth factors tested stimulated nuclear maturation of rabbit oocytes in vitro in a dose-dependent manner, with the greatest effects at concen¬ trations of 10-50 ng EGF ml 1991), and binds to the same receptor species (Massagué, 1983) . A recent study in pig oocytes concluded that the action of EGF is mediated via the cumulus cells and gap junctions with the oocyte (Coskum and Lin, 1993). Since IGF-I or EGF could not enhance spontaneous maturation of denuded oocytes, either alone or together, our data seem to support the hypothesis that the growth factors act in the presence of the cumulus cells, via which a positive stimulus for maturation is transferred to the oocyte. This stimulatory signal(s) promotes oocyte maturation and can subsequently also disrupts oocyte communication with the cumulus cells.
Collectively, the present findings suggest that, at least in rabbits, the addition of IGF-I to the maturation medium results in more oocytes undergoing nuclear maturation than does the addition of EGF. No significant additive effect was observed when both growth factors were added to the maturation medium, as previously observed in bovine oocytes (Lorenzo et al, 1994) , although the cumulus expansion rate was slightly enhanced when EGF plus IGF-I were added together. This result indicates that, at least in rabbits, EGF stimulation affects both cumulus cell expansion and nuclear oocyte maturation, while IGF action only significantly affects nuclear maturation; however, all these stimulatory actions are only possible in oocytes that are surrounded by cumulus cells.
Growth factors are now being considered as potential regulators of ovarian function and follicular development; they may be a 'key' factor in the regulation of intrafollicular oocyte maturation. It is also possible that EGF and IGF-I interact with gonadotrophins, steroids and other molecules to regulate oocyte follicular development in vivo. The study reported here provides evidence that EGF either alone or in conjunction with IGF-I stimulates cumulus expansion. The addition of IGF-I or EGF or both factors enhances nuclear maturation in immature rabbit oocytes in vitro and this effect is mediated by the presence of cumulus cells. These findings may serve to explain the mechanism of agents involved in the generation of signals regulating oocyte maturation processes.
